Background: Sulodexide is a powerful antithrombin agent with reno-protective property. However, whether it has beneficial effects on Contrast-Induced Nephropathy (CIN) remained elusive. In the current study, we evaluated the therapeutic effects of Sulodexide on CIN and investigated the potential mechanisms. Methods: CIN model was induced by intravenous injection of indomethacin, followed by Ioversol and L-NAME. Sprague-Dawley rats were divided into 4 groups: control group, CIN group, CIN+vehicle group (CIN rats pretreated with vehicle) and CIN+ Sulodexide (CIN rats pretreated with Sulodexide). Sulodexide or an equivalent volume of vehicle was intravenously delivered 30 min before the induction of CIN. All the animals were sacrificed at 24h after CIN and tissues were harvested to evaluate renal injury, kidney oxidative stress and apoptosis levels. Plasma antithrombin III (ATIII) activities were also measured. Results: Compared to the untreated CIN group, improved renal function, reduced tubular injury, decreased levels of oxidative stress and apoptosis were observed in CIN rats receiving Sulodexide injection. In addition, we also found that ATIII activity was significantly higher in Sulodexide-administered group than that in vehicle-injected CIN rats. For in vitro studies, HK2 cells were exposed to Ioversol and the cyto-protective effects of Sulodexide were also determined. Sulodexide pretreatment protected HK2 cells against the cytotoxicity of Ioversol via inhibiting caspase-3 activity. Preincubation with Sulodexide could also attenuate H 2 O 2 -induced increases in ROS, apoptosis and caspase-3 levels. Conclusions: Taken together, Sulodexide could protect against CIN through activating ATIII, and inhibiting oxidative stress, inflammation and apoptosis.
Introduction
Contrast-induced nephropathy (CIN) has become the third leading cause of hospitalacquired acute kidney injury (AKI) due to massive use of radiocontrast media in diagnostic coronary angiography or percutaneous coronary intervention (PCI) procedures [1, 2] . CIN accounts for 10-25% in all cases of in-hospital AKI [3, 4] , and is associated with increased morbidity, prolonged hospital stay and higher mortality [5] [6] [7] . However, there is still no effective prophylactic regimen available to prevent the occurrence of this life-threatening disease. Thus, it is urgent to uncover the pathogenesis of CIN and to identify novel preventive therapies to decrease CIN incidence and to improve clinical prognosis.
Although the exact pathophysiological mechanism of CIN still remains unknown, it has been generally demonstrated that CIN appears to be the result of combined effects of direct nephrotoxicity of contrast media and hypoxic renal injury [8, 9] . Mounting evidence has shown that impaired renal blood flow and subsequent renal ischemia-reperfusion (I/R) injury plays a pivotal role in the pathogenesis of CIN [10, 11] . In addition, inflammation, reactive oxygen species (ROS) formation and apoptosis also contribute to the renal tubular cell injury [12, 13] . Recently, clinical studies reported that several potent free radicals scavenger, for example, N-acetylcysteine can effectively reduce the incidence of CIN and improve outcomes [14, 15] . Therefore, pharmacological agents with antioxidant and antiinflammation properties may be a promising preventive strategy for CIN.
Among various candidates that possess reno-protective effects, Sulodexide is a purified mixture of glycosaminoglycan composed of low molecular weight heparin and dermatan sulfate [16] . Sulodexide has anti-coagulant, anti-inflammatory [17, 18] , and anti-oxidative effects [19] , as well as the anti-ischemic effects [20] . It was reported that Sulodexide can improve endothelial dysfunction and reduce cell proliferation and matrix accumulation in the kidneys of diabetic rats [21] . Several clinical studies also showed that Sulodexide can reduce proteinuria in patients with diabetic nephropathy [19, 22, 23] . Given the properties of Sulodexide, it may be possible that Sulodexide administration can be a preventive treatment for CIN. In the present study, we hypothesized that Sulodexide might protect against CIN in rats. In vivo and in vitro CIN models were established and Sulodexide was administered to evaluate whether it has beneficial effects on CIN. Besides, the underlying mechanisms were also investigated.
Materials and Methods

Regents
Ioversol was purchased from Hengrui Corp. (Jiangsu, China). N-nitro-L-arginine methyl ester (L-NAME), indomethacin, and sodium taurocholate were obtained from Sigma-Aldrich (St Louis, Mo, USA). Sulodexide was purchased from Vessel Due F (Alfa Wassermann, Italy). The primary antibodies, rabbit anticaspase3 and mouse anti-GAPDH were both purchased from Cell Signaling Technology (Danvers, MA, USA).
Animal experimental protocols and rat CIN model
Male Sprague-Dawley rats, weighing 250±20g, were purchased from Shanghai Science Academy animal center. All the rats were housed under controlled light (12h dark/12h light cycle) and temperature (20-23°C) conditions with free access to standard chow and water. This study was approved by the Animal Care and Ethics Committee of Shanghai Jiao Tong University Affiliated Sixth People's Hospital.
CIN model was established as we described previously [24, 25] . Briefly, rats were given a tail vein injection of indomethacin (5mg/kg), followed by Ioversol (3g/kg organically bound iodine) and L-NAME (10 mg/kg). Twenty-four rats were randomly divided into four groups (n=6 in each group): sham-operated group with injection of normal saline (CTL+ vehicle), CIN group with injection of normal saline (CIN + vehicle), and CIN group with pre-injection of Sulodexide (CIN+Sulodexide). Sulodexide (5mg/kg) or an equivalent volume of vehicle was intravenously delivered 30 min before CIN induction. The animals were sacrificed 24h after induction of CIN. Blood and renal tissues were harvested for further analysis. The left kidney was harvested and the cortex was isolated for molecular analysis whereas the right kidney was fixed in 4% paraformaldehyde for histological assessments.
Biochemical measurements
Blood samples were collected from abdominal aorta and centrifuged to isolate serum, plasma, and then separated into aliquots and stored at -80℃ until analyzed. Blood urea nitrogen (BUN) and serum creatinine (Scr) were measured by an automatic biochemical analyzer 7600 (Hitachi, Tokyo, Japan) to evaluate the alteration of renal function. Plasma ATIII activities measurement was performed using an automatic coagulation analysis machine (Sysmex CA7000, SIEMENS, Munich, Germany).
Measurement of oxidative stress markers
The levels of MDA and SOD in renal tissue homogenate were measured using commercial kits according to the manufacturer's protocol (Beyotime, Jiangsu, China). Both the final concentrations of MDA and SOD were normalized to the protein concentration of tissue homogenate.
Histological injury assessment
The paraformaldehyde-fixed kidney was embedded in paraffin and then was cut into 3μm sections. Histological injuries were evaluated by Periodic acid-Schiff (PAS) staining. To quantify the renal injury, we used a scoring system grading tubular necrosis, tubular dilatation, loss of brush border, and cast formation in 10 randomly chosen, non-overlapping fields as described previously [25] . The severity of renal injury was semiquantified by the following criteria: 0, none; 1, 0-10%; 2, 11-25%; 3, 26-45%; 4, 46-75%; and 5, 76-100% [26] . All evaluation was performed by an observer who was blind to the study groups.
TUNEL Staining
Apoptosis of tubular cells in the kidney was examined by terminal transferase-mediated dUTP nickend labeling (TUNEL) staining with a rat In Situ Cell Death Detection Kit (Roche, Mannheim, Germany) on paraffin-embedded sections as previously described. Briefly, kidney sections were deparaffinized, rehydrated, and digested with protein K and incubated with TUNEL reaction mixture for 60 min at 37°C. Sections were examined by fluorescence microscopy, and 10 random sections were counted for every kidney under ×400 magnification.
Macrophage infiltration in renal tissues
Kidney paraffin sections were stained with anti-rat monoclonal antibodies against CD68 (Abcam, Cambridge, MA, USA) to identify infiltrated macrophages in renal tissue as previously described [27] .
An oxidative stress model of HK2 cells
Human proximal tubular epithelial cells (HK2 cells) from ATCC (Rockefeller, MD, USA) were cultured in DMEM/F12 at 37°C 5% CO2, supplemented with 5ng/ml human recombinant EGF and 0.05mg/ml bovine pituitary extract. To investigate whether Sulodexide could protect against induced H 2 O 2 oxidative injury, HK2 cells were preincubated with vehicle or Sulodexide (10, 50µg/ml) 1 hour. Then HK2 cells were exposed to H 2 O 2 (500μmol/L) for an additional 12 h. The released lactate dehydrogenase (LDH) levels in the supernatant were measured by a commercial assay kit (Beyotime, China). Cell apoptosis was measured with a Cell Death Detection ELISA kit (#11544675001, Roche) and intracellular reactive oxygen species (ROS) (Cell Biolabs, USA).
Quantitative real-time PCR
Total RNA from HK2 cells or kidney tissues was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) and was reverse transcribed with M-MLV Reverse Transcriptase (Promega, Madison, WI, USA). Real-time PCR was performed with SYBE Green PCR master Mix (Tarkara, Dalian, China) using StepOnePlus PCR Systems (Applied Biosystems, Foster City, CA, USA) as previously described [25] . Primer pairs were as following: rat TNFα: 5'GTCTGTGCCTCAGCCTCTTC3' (forward) and 5'TGGAACTGATGAGAGGGAGC3' (reverse); rat MCP-1: 5'CCCCACTCACCTGCTGCTAC3' (forward) and 5'CCTGCTGCTGGTGATTCTCTT3' (reverse). Quantitation was normalized to internal control 18S rRNA and 2 −ΔΔCT method was used to determine relative gene expression levels.
Western blot analysis
Total protein was prepared from frozen tissues by homogenization. Protein concentrations were determined by BCA assay (Beyotime, Suzhou, Jiangsu, China) and protein samples were separated by 10% to 12% sodium dodecyl sulfate-polyacrylamide gels. Proteins were then transferred to polyvinylidene difluoride membrane and blocked with 5% non-fat dried milk. The membranes were then incubated with primary antibody overnight at 4°C and with HRP-conjugated secondary antibodies (Beyotime) for 2 hours at room temperature. The blotting signals were imaged using the Image Quant LAS 4000 Mini System (GE Healthcare, Pittsburgh, PA, USA). The bands were analyzed using Image J software and GAPDH or tubulin was used as internal control.
Statistical analysis
The software of GraphPad Prism was used for data analysis. All the data were expressed as mean ± standard error. One-way ANOVA with Sidak compensation followed by a Tukey's Multiple Comparison Test was used to compare the differences in groups. A value of P<0.05 was considered statistically significant.
Results
Sulodexide decreased serum levels of Scr and BUN in CIN rats
As shown in Fig. 1A -B, rats in CIN groups displayed significant deterioration of renal function 24h after administration of contrast media, as reflected by remarkably increased levels of Scr and BUN compared with that in sham rats. However, the elevation of Scr and BUN was significantly blunted in CIN rats pre-treated with Sulodexide (Scr, CIN+Sulodexide vs. CIN+veh, P<0.05; BUN, CIN+Sulodexide vs. CIN+veh, P<0.05). These results suggested that Sulodexide was able to protect against Ioversol-induced kidney injury.
Sulodexide increased plasma ATIII activity in CIN rats. As revealed in Fig. 1C , contrast infusion led to significant decrease in plasma ATIII activity (P<0.05). However, Sulodexide pretreatment resulted in modest but significant elevation in plasma ATIII activity in comparison with un-treated CIN groups.
Sulodexide administration attenuated renal pathological injury
Kidney sections stained with PAS from CIN and CIN+Veh groups revealed that Ioversol injection resulted in a typical tubular injury characterized by pronounced degeneration of tubular architecture, renal tubular detachment, tubular cell necrosis, intratubular cast formation and luminal congestion with loss of brush border. And these histological changes in Sulodexide pre-treatment group were less severe than that in CIN and CIN+Veh groups 
Sulodexide inhibited renal inflammation and oxidative stress in CIN rats
To explore the reno-protective mechanisms of Sulodexide in CIN, the effects of Sulodexide on inflammation and oxidative stress levels were examined. As shown in Fig.  3A -B, the renal mRNA expression levels of tumor necrosis factor α (TNFα) and monocyte chemotactic protein 1 (MCP-1) in CIN rats were substantially increased compared with sham rats, and Sulodexide administration inhibited TNFα and MCP-1 expression in CIN rats. Furthermore, immunostaining analysis showed that CIN led to increased CD68-positive macrophage infiltration in kidney, which was mitigated by Sulodexide pre-treatment (Fig.  4) . In addition, we also found that renal malondialdehyde (MDA) levels were increased in CIN rats whereas superoxide dismutase (SOD) activity was decreased in CIN rats compared with the normal control group (Fig. 3C-D) . Pretreatment with Sulodexide reduced renal MDA levels and restored renal SOD levels, indicating that Sulodexide could ameliorate oxidative stress from both directions in rats with CIN. Taken together, Sulodexide might exert its renoprotective effects against CIN through inhibiting inflammatory response and oxidative stress.
Sulodexide mitigated renal apoptosis caused by contrast injection
To explore whether Sulodexide's beneficial effects on CIN were associated with apoptosis changes, we performed terminal deoxynucleotidyl transferase-mediated digoxigenindeoxyuridine nick-end labeling (TUNEL) staining on the kidney sections from rats with CIN or sham-operated group. In comparison to normal control rats, contrast injection led to elevated apoptosis, and Sulodexide could dramatically inhibit contrast induced apoptosis in kidney (Fig. 5) . Moreover, the expression of caspase-3 and bcl-2 was analyzed. Similar to TUNEL assay, western blot analysis suggested that CIN led to substantial increase in cleaved caspases-3 expression and decrease in anti-apoptotic proteins bcl-2 expression as indicated in Fig. 6 . Our data proved that caspases-3 activation was effectively repressed while bcl-2 expression was restored nearly to control levels by Sulodexide preconditioning. In summary, Sulodexide administration mitigated renal tubular cell apoptosis following CIN. 
Sulodexide protected against H2O2's cytotoxicity, oxidative stress and prevented apoptosis in vitro
To validate whether Sulodexide possesses cyto-protecive properties in vitro, hydrogen peroxide was used to induce oxidative cell injuries in HK-2 cells. As shown in Fig. 7 , H 2 O 2 cause a remarkable elevation in LDH release and apoptosis when compared with controls. In contrast, preincubation with Sulodexide for 1h significantly protected against H 2 O 2 -mediated cell death in a dose-dependent manner. H 2 O 2 -induced increases in ROS, apoptosis and caspase-3 levels were also suppressed by Sulodexide pretreatment. These data indicated that Sulodexide could exert its cyto-protective effect directly via inhibiting apoptosis and attenuating oxidative stress.
Discussion
CIN is a complex complication with a high incidence in clinical diagnostic and interventional procedures. Moreover, the incidence of CIN is relatively high in patients with mild to moderate chronic renal insufficiency, old age and diabetes and can reach up to 50% in patients underwent PCI [28] . Due to its high morbidity and mortality rates, CIN has become a growing concern in clinical practice. Although numerous efforts have been made to find a preventive strategy to decrease CIN incidence and some antioxidants appear to be effective [29, 30] , the consensus is still out due to inconsistent results amongst the literature [31] . Thus, it is of great clinical value to develop new therapeutic interventions for CIN.
The present study demonstrated that Sulodexide pre-administration could protect against AKI after contrast infusion. Our data indicated that Sulodexide ameliorated deterioration of renal function and histopathological kidney injury in CIN rats, which was accompanied with increased plasma ATIII activity, reduced oxidative stress, macrophage infiltration and apoptosis. Additionally, Sulodexide pretreatment inhibited H 2 O 2 -induced ROS production, LDH release and activation of caspases3 in vitro. These data suggest that Sulodexide may mediate its reno-protective effects through anti-oxidation, anti-inflammation and anti-apoptosis mechanisms.
Currently, although the exact pathophysiology of CIN is not yet fully elucidated, the pathogenesis of CIN is primarily due to continued renal hypoperfusion in the renal medulla [11] . It has been reported that contrast media can result in hemodynamic alteration of renal blood flow such as vasoconstriction, and led to subsequent renal I/R injury. In this study, we found that Ioversol infusion induced decrease in plasma ATIII activity while Sulodexide pretreatment significantly restored ATIII activity, which was consistent with Sulodexide's biological properties of promoting activation of ATIII [32, 33] . Our previous studies demonstrated that low ATIII activity increased the susceptibility to AKI after cardiac surgery in patients and endogenous ATIII insufficiency and exacerbated renal I/R injury in animal model [34] . We found that ATIII could promote the release of prostaglandin I 2 (PGI 2 ), which is a powerful vasodilator [35] . These data indicated that Sulodexide might mediate its renoprotection via its antithrombotic activity by activating ATIII and ultimately restore the renal blood flow. The generation of excessive levels of ROS under hypoxia can directly cause tubular damage, endothelial dysfunction, and dysfunction of tubular transport , thus, oxidative stress also play a pivotal role in the development of CIN [36, 37] . Reactive species imbalance causes lipid peroxidation, thereby leading to cytotoxic damage. Lipid peroxidation is generally measured on the basis of the production of MDA, which is an indicator of oxidative damage.
In agreement with previous studies [36, 38, 39] , we observed remarkable increase in renal MDA and decrease in renal SOD in CIN rats, which indicated the presence of oxidative damage. However, Sulodexide-preconditioned rats exhibited lower renal MDA and higher renal SOD levels. Besides, pretreatment with Sulodexide directly repressed H 2 O 2 induced ROS generation in HK2 cells. Consistently with our data, the antioxidant effects of Sulodexide have also been reported in previous studies [19] . We believed that the reno-protective effect of Sulodexide can be attributed to the direct inhibition of ROS production.
Apoptosis also contributed to the occurrence of CIN. Cumulative evidence has suggested that contrast agent leads to renal tubular cell apoptosis through the ROS pathway, the stress kinase pathway and the intrinsic apoptotic pathway [40, 41] . Our study proved that caspase3 activation, in other words, the intrinsic apoptotic pathway was involved in the contrast induced renal injury, which was reported in our recent studies [24, 25, 39] and other reports [38] . Sulodexide might exert its inhibitory effect on apoptosis via a direct inhibition of caspases, which was evidenced that Sulodexide increased the viability of H 2 O 2 -injured HK2 cells in vitro, or in an indirect manner by its ability of ROS clearance.
Previous studies have demonstrated that Sulodexide possesses anti-inflammatory properties [18, 42, 43] . We also found that Sulodexide decreased pro-inflammatory cytokines and macrophage infiltration. Besides, it has been suggested that Sulodexide can maintain or restore endothelial cells function [44, 45] , whether Sulodexide has beneficial effects on endothelial cells in CIN and other molecular mechanisms remain to be determined in the future. As a common AKI, CIN not only can result in longer in-hospital stay and higher rates of in-hospital complications and 1-year mortality, but also can lead to AKI-chronic kidney disease transition, another big clinical problem [46, 47] . In a word, CIN is still a big challenge in the clinical practice [48] [49] [50] [51] . However, this work brings some new insights into the biological effects of Sulodexide in CIN.
Conclusion
Our data suggested that Sulodexide attenuated renal injury in CIN model and these beneficial effects are mainly mediated via anti-coagulation, anti-oxidation and anti-apoptotic effects. Thus, Sulodexide may represent a potential drug for prevention of CIN; nevertheless, further studies are required to determine its reno-protective effects in the future.
